Abstract: This study investigated the vertical stratification of Old World fruit bats (Chiroptera: Pteropodidae) in relation to habitat structure and wing morphology, in a lowland Malaysian rain forest. In total, 352 fruit bats of eight species were captured within the subcanopy of the structurally complex old-growth forest during 72 306 m 2 mist net hours of sampling. Fruit bat species that were grouped in relation to capture height were also grouped in relation to wing morphology -with those species predicted to have more manoeuvrable flight (i.e. lower wing-loadings and lower aspect-ratios) captured in increasingly cluttered airspaces. Thus, small differences in wing morphology are likely to be ecologically significant to the vertical stratification of bats. Hence, habitat heterogeneity may be a key factor promoting fruit bat species diversity in old-growth palaeotropical forests.
INTRODUCTION
Vertical stratification has long been recognized within tropical forests, with well-documented examples among birds (Bell 1982 , Pearson 1971 , 1975 Roth 1976) , bats (Bernard 2001 , Bonaccorso 1979 , Cosson 1995 , Francis 1994 , Ingle 1993 , Kalko & Handley 2001 , Zubaid 1994 , and squirrels (Emmons 1980 ). This partitioning is often believed to relate to spatial heterogeneity in forest structure, which promotes species diversity through adaptations in body size and morphology (e.g. wings and limbs) (Schoener 1986 ). However, in the case of Old World fruit bats (Chiroptera: Pteropodidae), the functional link between morphology and microhabitat use has yet to be quantitatively tested in the field. Thus, the influence of habitat structure on the maintenance of fruit bat species diversity is poorly understood.
The aim of this study is to investigate the vertical stratification of fruit bats (Chiroptera: Pteropodidae) in a lowland Malaysian rain forest, and to test the hypothesis that fruit bats partition this habitat in relation to wing morphology. Based on the mechanical and aerodynamic theories of flight (Norberg & Rayner 1987) , performance The Krau Wildlife Reserve consists of a large area of old-growth forest (Clark 1996) , which rises from 50 m, at Kuala Lompat, to over 2000 m at the summit of Gunung Benom. Since it lies in the rain shadow of Gunung Benom, Kuala Lompat is comparatively dry for the region, averaging around 1982 mm of rain annually (Raemaekers et al. 1980) . Although the rainfall pattern is variable, there is a slight trend towards a relatively dry season at the beginning of the year, particularly in February, followed by a wet season from October to December (Hodgkison 2001 , Raemaekers et al. 1980 . Temperature is stable throughout the year, with maximum and minimum daily air temperatures ranging from 30 to 35
• C, and 20 to 25 • C, respectively (Hodgkison 2001 , Raemaekers et al. 1980 .
The vegetation at Kuala Lompat can be classified as lowland evergreen mixed dipterocarp forest. However, because it is relatively poor in dipterocarps, and unusually rich in large Leguminosae, the site is not characteristic of most dipterocarp forest sites within the area (Raemaekers et al. 1980) .
The fruit bat fauna at Kuala Lompat includes at least 11 species (Francis 1990 (Francis , 1994 Medway & Wells 1971 , Zubaid 1993 Francis (1994) , has shown that fruit bat capture rates at Kuala Lompat are up to 100 times higher in the subcanopy (10-30 m) than they are at ground level (< 3 m). However, in contrast to many studies in the Neotropics (Bernard 2001 , Bonaccorso 1979 , Kalko & Handley 2001 , no evidence was found to suggest that any species favour the understorey.
Although the study site was described in detail by Raemaekers et al. (1980) , the area surrounding the reserve has undergone significant changes in recent years. In particular, the forest that once bordered the reserve at Kuala Lompat has been converted into gardens and plantations, without a buffer zone (Figure 1 ). Several Malaysian fruit bats, particularly C. brachyotis and C. horsfieldi, are known to be particularly abundant in gardens and plantations, whereas several others (B. maculata, C. melanocephalus, D. spadiceus and M. ecaudatus) are believed to be strongly associated with the forest interior (Lim 1966 , Tan et al. 1998 .
Habitat structure
The structure of the habitat partitioned by fruit bats was sampled within a 6 × 60-m forest transect (after Richards 1983) , the position of which was randomly selected within a 16-ha block of old-growth forest (Figure 1 ). All trees within this transect were labelled, with individually numbered aluminium tags, mapped, and then measured for girth at breast height (gbh). The heights of all trees (> 15 cm gbh) were then measured with a clinometer and tape measure -recording the complete vertical extension of the crown, and the heights of major forks and branches. Crown widths were then measured on either side of the bole, and sketches made of each tree in the field. These measurements and sketches were then used to reconstruct the forest graphically, in the form of a forest profile diagram. This diagram was then used to investigate patterns in the distribution of vegetation clutter throughout the forest subcanopy.
One hundred randomly generated coordinates were used to investigate the distribution of vegetation clutter throughout the forest profile diagram. These coordinates sampled vegetation clutter at all heights up to 30 m over the entire 60-m length of the area drawn. To sample vegetation clutter, the position of each coordinate was located on the diagram, and scored either as a hit or a miss -according to whether or not there was any vegetation cover at that point within the diagram. A 3 × 2 contingency table was then constructed, which expressed forest structure as the frequency of vegetation 'hits' and 'misses' at 10-m height intervals, within the understorey (< 10 m), midstorey (10-20 m), and canopy (20-30 m). A G-test of independence, with William's correction (Sokal & Rohlf 1995) , was then used to test the association between vegetation cover (% hits) and height.
In addition to the forest transect, a 1-ha forest plot was also established in the study area, at a randomly selected site. The girths of all trees equal or greater than 15 cm gbh were then measured and recorded within the plot. A G-test of independence, with William's correction (Sokal & Rohlf 1995) , was used to compare the cumulative frequency distribution of trees, in relation to girth size, between the transect and the forest plot. This comparison was made on the assumption that similar frequency distributions in girth size would indicate similar forest structure and, hence, comparable patterns in the distribution of vegetation clutter throughout the forest profile.
Vertical stratification of fruit bats
The vertical stratification of fruit bats was investigated throughout the forest profile using mist nets (Avinet, Inc, New York, USA). These nets were stacked together to create a continuous wall of net, extending from ground level to the lower forest canopy (Hodgkison et al. 2002) . Two pulley systems (one at each end of the net) were used to hoist the nets into position, and the whole system was held in place by a main support rope, which was positioned across two sturdy branches in the canopy.
Twenty-four rope-and-pulley systems were established at sites located throughout the 1.5-km 2 study area ( Figure 1 ). All systems were positioned away from trails beneath closed to semi-closed canopy cover, as opposed to open and exposed tree fall gaps, and were high enough to hoist open between five and nine 6 × 3-m mist nets (36 mm mesh, 50 denier/2 ply nylon). The nets were tied together, along their adjoining margins, with fine black nylon thread, and each pocket was numbered at the side, to indicate its position in the stack. To reduce the risk of bats learning the positions of the mist nets, the 24 sites were netted on rotation. Only rarely was any single net operated on two consecutive nights. However, some nets were eventually run more frequently than others.
Netting protocol was influenced by both weather, and moon cycles. For the safety of fieldworkers, nets were never opened during, or immediately after high winds and heavy rains. Several pulley systems were partially, or completely destroyed by falling trees and branches, particularly after wet weather. Netting was also avoided during brightly moonlit nights; as it appeared, but was not demonstrated, that bats may have detected the nets more easily on such occasions. It is also possible that some species may have been lunar phobic.
Nets were usually opened at dusk (19h30-20h00) and inspected every 15-30 min for bats until they were closed, between midnight and 03h00. Bats were removed from stacked nets by lowering the nets to a manageable height with the pulleys. The capture height of each individual bat was then recorded from the pocket number at the side of the net. Height data were excluded for all captures made when the extension of the net was unknown (i.e. whilst the net was being hoisted).
Captured fruit bats were identified to species, following Payne et al. (1985) and Medway (1983) , and records were made of forearm length, body mass, sex, age, and reproductive status. Most individuals were marked with stainless steel ball-chain necklaces (Ball-Chain Manufacturing Company, New Jersey, USA), for larger species (Cynopterus brachyotis, C. horsfieldi, Megaerops ecaudatus, Dyacopterus spadiceus, Rousettus amplexicaudatus) or monel wing bands (Lambournes Ltd., UK) for smaller species and the nectarivorous Macroglossinae (Chironax melanocephalus, and Eonycteris spelaea) (after Kunz 1996) . Recaptured Balionycteris maculata were recognized by their distinctive wing-markings (Hodgkison et al. 2003) . Individuals of larger species that were too small (i.e. immature) to be fitted with a necklace were marked temporarily by wing punching.
Vertical stratification data analysis
Because mist nets vary in size (thus confusing betweensite comparisons with other studies), capture rates in this study were defined as the number of individual fruit bats captured per 100 m 2 mist net hour (mnh) of sampling effort (after Zubaid 1994) . To investigate vertical stratification, this figure was calculated within the understorey (< 10 m), midstorey (10-20 m) and canopy (20-30 m) for each of the 24 mist net rig sites established throughout the study area. The significance of any vertical stratification was then tested for each species using a Kruskal-Wallis test (Sokal & Rohlf 1995) .
Wing morphology
The wing morphology of fruit bats was investigated from measurements of wing span (m) and wing area (m 2 ) recorded from live captured bats using wing tracings (after Norberg & Rayner 1987) . Together with measurements of body mass (kg), these data were then used to calculate the values of two flight indices: aspect-ratio (AR) and wingloading (WL). Each flight index was calculated using the following formulae: AR = B 2 /S, where B equals wingspan and S equals wing area, and WL = Mg/S, where M equals body mass and g equals gravitational acceleration (after Norberg & Rayner 1987) . Thus, aspect-ratio provides an index of relative wing shape (with high aspect-ratios usually indicating long, narrow wings and low aspectratios usually indicating short, broad wings), whereas wing-loading provides a measure of body weight per unit area of wing (N m −2 ). Where possible, at least 10 individuals of each sex were sampled for each species.
Analysis of flight morphology
The normality of each flight index was tested for each species of fruit bat using the Kolmogorov-Smirnov onesample test (Sokal & Rohlf 1995) . Inter-and intraspecific variance in aspect-ratio and wing-loading were then compared using one-way ANOVA. The GT2-method (Sokal & Rohlf 1995) was then used to test for significant morphological variation between species, with an experiment-wise error rate of 5%. All individual bats included in this analysis were either adult males or nonpregnant adult females.
RESULTS

Habitat structure
The 74 trees (> 15 cm gbh), within the 6 × 60-m forest transect, created a structurally complex environment for the locomotion of bats (Figure 2 ). This was characterized by a dense understorey (up to 10 m), and a more or less continuous canopy (c. 30 m high), punctuated by tree fall gaps and emergent trees rising to 50 m. The distribution of vegetation cover varied significantly throughout the forest profile (G adj = 6.58, df = 2, P < 0.05) and was lowest within the midstorey (29%) and highest in the understorey and canopy (58% and 53%, respectively). However, the exclusion of small trees and shrubs (< 15 cm Cynopterus horsfieldi and Megaerops ecaudatus) accounted for 98.3% of the total captures within the 1-28 m height range of the mist nets, whereas the remaining three species (Dyacopterus spadiceus, Eonycteris spelaea and Rousettus amplexicaudatus) accounted for only 1.7%. Measurements of capture height were recorded for 331 bats. No significant difference was found between the capture heights of the males and females of any fruit bat species commonly captured within the forest subcanopy (MannWhitney U, P > 0.05). Although all five species were captured throughout the forest profile (Figure 4) , only one species (B. maculata) had a capture rate that varied significantly with height, with a strong preference for the understorey (Figure 4) . 
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Figure 5. Aspect-ratio versus wing-loading of eight species of fruit bat captured at Kuala Lompat, Malaysia. Data points show the species mean values of each flight parameter. Bars indicate 95% comparison intervals, calculated by the GT2-method (Sokal & Rohlf 1995) . Sample sizes for each species are shown in parentheses within the legend. Species, or species clusters that are significantly different in morphology (1-4) have mean intervals of aspect-ratio and wing-loading that do not overlap.
Wing morphology
Measurements of aspect-ratio and wing-loading did not differ significantly from a normal distribution in the case of all eight fruit bat species captured at Kuala Lompat (Kolmogorov-Smirnov one-sample test P > 0.05). With the exception of two species (Eonycteris spelaea and Cynopterus horsfieldi), wing-loading and aspect-ratio increased in relation to body mass and wing span (Table 1, Figure 5 ). Variance in aspect-ratio and wing-loading was significantly lower within species than between species (F 7,108 = 5.92, P = 0.001, and F 7,108 = 96.2, P = 0.001, respectively), and multiple comparisons between the mean aspect-ratio and wing-loading of each fruit bat species revealed four morphologically distinct species/clusters ( Figure 5 ).
DISCUSSION
The lowland rain forest, at Kuala Lompat, created a structurally complex environment for the locomotion of bats. Vegetation clutter, which has the potential to impede the flight of some species of bat (Kalko et al. 1996 , Norberg & Rayner 1987 , was not uniformly distributed throughout the forest profile, but was concentrated in the understorey (up to 10 m) and the canopy (20-30 m). The airspace in the midstorey (10-20 m), by contrast, was relatively open. Although only sampled over a small area of forest, this pattern mirrored that observed within a similar area of lowland forest at Pasoh, in Peninsular Malaysia (Kira 1978) , and that of an old-growth lowland forest in Amazonia (Terborgh & Petren 1991) . Hence, this study supports the idea, proposed by several other authors (Francis 1994 , Zubaid 1994 , that the area within the midstorey is more open. Of the eight fruit bat species captured at Kuala Lompat, only five species were commonly captured within the 1-28 m height range of the mist nets (Balionycteris maculata, Chironax melanocephalus, Cynopterus brachyotis, Cynopterus horsfieldi and Megaerops ecaudatus). The remaining three species, by contrast (Dyacopterus spadiceus, Eonycteris spelaea and Rousettus amplexicaudatus) were mainly active in open airspaces above the forest canopy, where they fed on the fruits and flowers of large emergent trees and strangler figs (Hodgkison 2001) . Only one species (B. maculata) was significantly associated with the dense vegetation clutter of the forest understorey. This was also the species with the shortest, broadest wings and the lowest wing-loading.
Although these results need to be interpreted with caution, they suggest that flight performance, and habitat structure, may have an important influence on the vertical stratification of fruit bats in Malaysian lowland forests. If the forest transect sampled for clutter is representative of closed-canopy forest as a whole (as supported by the 1-ha forest plot), there was a close correspondence between habitat use and the predicted flight performance of each bat, with those species predicted to have slower and more manoeuvrable flight captured in increasingly cluttered airspaces. This manoeuvrability is largely achieved as a result of lower wing-loadings (Norberg & Rayner 1987 , Stockwell 2001 . Thus, most fruit bat species that were grouped in relation to habitat use were also grouped by morphology, with three recognizable categories: (1) above-canopy bats, with high wing-loadings (D. spadiceus, E. spelaea and R. amplexicaudatus); (2) below-canopy bats, with medium wing-loadings (C. melanocephalus, C. brachyotis and M. ecaudatus); and (3) understorey bats, with low wingloadings (B. maculata). The only exception to this pattern was C. horsfieldi, which was morphologically distinct but grouped together with three other species in relation to habitat use. However, with only 30 captures, the small sample size of this species is likely to have limited the level of ecological discrimination. We predict that further netting may reveal this species to be more common within the midstorey. Notwithstanding, the present study supports the hypothesis that even small differences in morphology are likely to be ecologically significant to the vertical stratification of bats. Thus, habitat heterogeneity is likely to be a key factor promoting fruit bat species diversity in old-growth palaeotropical forests.
